Due to saccadic eye movements the retinal image is abruptly displaced 2-4 times a second, yet we experience a stable and continuous stream of vision. It is known that saccades modulate neural processing in various local brain areas, but the question of how saccades influence neural communication between different areas in the thalamo-cortical system has remained unanswered. By combining transcranial magnetic stimulation with electroencephalography, we found that saccades were accompanied by dynamic changes in causal communication between different brain areas in humans. These changes were anticipatory; they began before the actual eye movement. Compared with fixation, communication between posterior cortical areas was first briefly enhanced during saccades, but subsequently peri-saccadic information did not ignite sustained activity in fronto-parietal cortices. This suggests that the brain constructs a spatially stable and temporally continuous stream of conscious vision from discrete fixations by restricting the access of peri-saccadic visual information to sustained processing in fronto-parietal cortices.
Introduction
Humans use saccadic eye movements to shift their gaze from detail to detail. Although each saccade causes a sudden displacement of visual input, this motion goes unnoticed, and we experience a stable continuous stream of visual consciousness. To accomplish this, the brain must achieve at least two goals (Ross et al. 2001; Sommer and Wurtz 2008) . First, the saccaderelated displacement of the image on the retina must be counteracted in order to construct a spatially stable visual scene. Second, information from stationary fixations has to be temporally integrated into consciousness, while the motion signal produced by the saccade must be suppressed. How the brain achieves these goals remains open. Complex changes in neural processing in local subcortical and cortical areas occur during saccadic eye movements (Duhamel et al. 1992; Sylvester et al. 2005; Sommer and Wurtz 2008; Bremmer et al. 2009; McFarland et al. 2015 ), but it is not known whether saccades also modulate causal neural communication in the thalamo-cortical system in a more global manner. Here, by combining transcranial magnetic stimulation (TMS) of the primary visual cortex (V1) with electroencephalography (EEG), we show that neural effective connectivity is modulated during saccadic eye movements in humans.
Behaviorally, the sensitivity to detect luminance-modulated low spatial frequency stimuli decreases during saccades (Ross et al. 1996) . This "saccadic suppression" starts almost 100 ms before the onset of the saccade. According to one theory, visual input from the magnocellular pathway is suppressed during saccades by non-visual signals that inform the visual system of an upcoming saccade (Ross et al. 2001) . Alternatively, the static percepts that precede and follow the saccades could mask vision during eye movements (Castet et al. 2002) . Saccades also compress perceived space and time (Ross et al. 2001) , suggesting that the continuous stream of vision we experience is actively constructed from stable fixations, while ignoring the disruptions caused by saccades.
Studies on macaque monkeys have revealed that during saccades electrophysiological responses in early visual areas (e.g. LGN, V1, and MST) are suppressed, but this is followed by an enhancement in neural activity (Reppas et al. 2002; Ibbotson et al. 2008; Bremmer et al. 2009; McFarland et al. 2015) . Brain imaging studies show modulation of neural activity in the same regions in humans (Reppas et al. 2002; Sylvester et al. 2005; Kleiser et al. 2006) , although these studies fail to capture the fast changes in neural processing that accompany saccades. Importantly, saccades trigger anticipatory non-visual signals that are assumed to coordinate neural processing during saccades (Sylvester et al. 2005; Ibbotson et al. 2008; Bremmer et al. 2009 ). The anticipatory nature of these signals matches the observation that saccade-related changes in perception also tend to begin before the onset of the saccade (Ross et al. 2001) . The non-visual signals could serve multiple purposes. First, they could trigger saccadic suppression of vision. Second, they could reflect signals that prime the visual system for new incoming information (Ibbotson et al. 2008; Rajkai et al. 2008 ). Third, they may enable the visual system to recalibrate spatial coordinates in order to accomplish stable vision (Sommer and Wurtz 2008) . Intracranial recordings in monkeys have shown that many neurons in fronto-parietal cortices anticipate upcoming eye movements and reposition their receptive fields to take into account the change produced by saccades (Duhamel et al. 1992; Sommer and Wurtz 2008) . How these shifts in receptive field locations are combined by the neural mechanisms that mediate conscious vision remain unknown, although corresponding frontal and parietal areas have been found to contribute to transsaccadic integration (Prime et al. 2011) .
From the point of view of conscious vision, the brain must somehow integrate the contents provided by retinocentric early visual areas into the stable egocentric space we experience (Land 2012) . Egocentric spatial coding is mediated by areas in the parietal lobe (Colby, 1998; Milner and Goodale 2006) . Prominent theories and empirical observations concerning conscious vision suggest that sustained, recurrent communication in large-scale fronto-parietal (Lamme 2010; Dehaene and Changeux 2011) or thalamo-cortical (Tononi and Edelman 1998; Massimini et al. 2005 ) networks enables us to consciously access the contents provided by visual cortical areas. Hence, we hypothesized that an unbroken stream of conscious vision is produced by disengaging visual cortical areas from sustained processing in large-scale neural networks during saccades. Neural effective connectivity can be probed using concurrent TMS-EEG by measuring how TMS-evoked activity propagates from the stimulation site to other areas (Massimini et al. 2005) . Previous studies have shown that single TMS pulses applied to cortex during a conscious state produce strong, wide-ranging, and complex responses in the thalamo-cortical system. In contrast, in an unconscious state-produced by sleep, anesthesia, or traumatic brain injury-the neural response elicited by TMS remains focal and of short duration (Massimini et al. 2005; Casali et al. 2013 ). The finding is consistent with the idea that sustained coordinated neural communication underlies conscious vision (Tononi and Edelman 1998; Lamme 2010; Dehaene and Changeux 2011) .
If communication between thalamo-cortical areas is suppressed during saccades, TMS should evoke weaker, less spread, and less complex neural responses during saccades than during fixation. Based on prominent models of conscious vision (Tononi and Edelman 1998; Lamme 2010; Dehaene and Changeux 2011) , we hypothesized that peri-saccadic neural activity in the early visual cortex is denied integration into the stream of conscious vision by restricting the access of visual cortical information to sustained processing in the frontoparietal network. A second possibility is that instead of suppressing thalamo-cortical information flow, saccades facilitate effective connectivity, increasing the strength, spread, and complexity of the TMS-evoked response. This could, for example, reflect non-visual signals that actively recalibrate spatial coordinates to stabilize vision (Sommer and Wurtz 2008) , or prime the visual system to process post-saccade visual information (Rajkai et al. 2008 ).
Methods

Participants
We studied 10 neurologically healthy right-handed participants (ages 24-37 years, four males, including author H.R.) with normal or corrected-to-normal vision. Participants were paid 20 €/h for participation. Informed written consent was obtained before the experiment. The study was conducted in accordance with the declaration of Helsinki, and it was approved by the ethics committee of Hospital District of Southwest Finland.
Stimuli and Procedure
At the beginning of each trial, participants fixated a blue (5.3 cd/m 2 ) rectangle (1°) that contained a thin (one-pixel wide) black diagonal line. A red (6.6 cd/m 2 ) rectangle (1°) was displayed about 30°right of the blue rectangle. Participants were asked to make a fast saccade to the red rectangle when the diagonal line in the blue rectangle they fixated turned horizontal (go/no-go task; Supplementary Fig. 1A ). If the line remained diagonal, the participants were instructed to keep their fixation on the blue box. We refer to these go and no-go conditions as saccade and fixation conditions, respectively. To encourage fast and consistent saccadic reaction times (RTs), the participants were required to report whether a small black dot (~0.25°) was presented in the lower left or right corner of the red rectangle. The black dot was presented for 400 ms after the diagonal line turned horizontal. Thus, it could only be detected if it was fixated rapidly enough. The black dot was presented also in the fixation condition. After each trial, the participants reported the location of the dot by pressing a button on a gamepad with the index finger of their left or right hand. They were asked to guess if they did not detect the dot. In the saccade condition, the participants correctly reported the location of the black dot in 80% of trials (in fixation condition, 50% of responses were correct). In sum, in the saccade and fixation conditions the visual stimulation was physically identical, with the exception of the diagonal line in the blue rectangle turning horizontal. All stimuli were presented on a black background (5.3 cd/m 2 ), and all other light sources were turned off to minimize visual stimulation. The stimuli were projected (Epson EMP82) onto a white screen covering 37°×20°with a 60 Hz refresh rate using E-Prime software (version 2.0). In order to demonstrate that relatively strong visual stimuli go unnoticed during saccades (Ross et al. 1996 , and to adjust the timing of the TMS pulses for each individual participant, saccadic RTs were measured in the first test session with EOG (one electrode placed at the right outer canthus, measured at 250 Hz). During these sessions, EEG was not measured, and no TMS pulses were applied. Participants were asked to report the presence of a strong horizontally oriented low-frequency luminance modulated Gabor grating (diameter~12°, white color: 33.1 cd/m 2 , black color: 5.3 cd/m 2 , 0.33 cycles per degree) presented in the center of the screen for one screen refresh on half of the fixation and saccade trials in random order. The Gabor stimulus was presented 13-19 frames (216-315 ms) after the participants were cued to initiate the saccade (order randomized). The participants rated how well they consciously perceived (Sandberg et al. 2010 ) the Gabor stimulus after they had provided the answer for the dot localization task. The visibility rating had the following alternatives: 0) did not see anything, 1) I saw a brief glimpse of the stimulus, 2) I saw the stimulus but it was somewhat unclear, or 3) I saw the stimulus clearly.
Response was given by pressing a button on a gamepad with the right thumb. Each participant completed 4-6 blocks of 80 trials. As shown in Supplementary Figure 1B ,C, the participants displayed clear saccadic suppression that was strongest around saccade onset. Mean saccadic RT was 252.2 ms (standard deviation, SD = 22.3 ms).
The neural processes that analyze peri-saccadic visual information take place after the saccade due to the delay caused by retinocortical transmission, which takes 50-60 ms in humans (Wilson et al. 1983; Foxe and Simpson 2002) . In order to stimulate the cortex at a time point where the saccade-related visual signals reach cortex, we applied TMS pulses 50 ms after the individual time-window (of Gabor stimulus presentation latency) that yielded strongest saccadic suppression in the first test session. That is, if the visibility of a Gabor stimulus was most strongly reduced when it was presented 230 ms after the participant was cued to initiate a saccade, TMS was applied 280 ms after the stimulus that cued the participants to make a saccade. During TMS test sessions, no Gabor stimulus was presented to avoid contamination of the EEG by visual stimulusrelated processing.
Two TMS-EEG test sessions were performed on separate days. Each session included six blocks consisting of 72 trials each. Each block contained the following conditions, presented in random order: 1) saccade condition with TMS, 2) fixation condition with TMS, and 3) saccade condition without TMS. Thus, a total of 288 trials were collected for each condition.
Transcranial Magnetic Stimulation
As one of the aims of the present study is to test whether saccades suppress the communication of visual inputs to higher cortical areas, we chose to stimulate the V1. Saccadic suppression has been argued to suppress magnocellular visual activation, which passes through the V1 (Ross et al. 1996) . There is also contrasting information concerning the role of V1 in saccadic suppression. For example, whereas some results suggest that saccadic suppression is not mediated by V1 (Thilo et al. 2004 ), other studies have revealed robust saccade-related modulation in the V1 (Sylvester et al. 2005; McFarland et al. 2015) . Finally, connectivity between V1 and higher cortical areas is considered important for conscious vision (PascualLeone and Walsh 2001; Silvanto et al. 2005) .
A Nexstim eXimia (Helsinki, Finland) stimulator fitted with a 70-mm biphasic figure-of-eight coil was used for TMS. Current direction was from lateral to medial during the second phase of the pulse. TMS intensity was 70% of the stimulator's maximal output which, on average, yielded a 120 V/m (SD = 27 V/m) E-field to the targeted cortical area. The stimulator's capacitors were recharged 1 s after the pulse to avoid EEG artifacts. The position of the coil was continuously registered relative to the participant's anatomical brain image using eXimia Navigated Brain Stimulation system. Anatomical images were acquired with magnetic resonance imaging using a high-resolution T1-weighted 3D-sequence. Single TMS pulses were applied to the upper bank of the participant's calcarine sulcus in the right hemisphere. This anatomical location accurately predicts the location of an individual's V1 (Hinds et al. 2008; Henriksson et al. 2012) . A chin-rest was used to stabilize head motion during TMS sessions. To attenuate the sound of the TMS pulses, continuous pink noise (78 dB) was played through earplugs, and thin foam was placed between the scalp and the coil to attenuate bone conduction.
EEG Recording and Preprocessing
EEG was recorded continuously at 5 kHz in DC mode with 32 Ag/AgCl electrodes using NeurOne Tesla amplifier (Mega Electronics). Thirty electrodes were placed on the scalp based on the International 10-20 System. One electrode was placed below the right eye and another at the right outer canthus for electro-oculographic (EOG) measurement. Reference electrode was placed on nose, and ground electrode on forehead. Electrode impedances were brought around 1 kΩ in the beginning of the recording to minimize TMS-related artifacts.
EEG preprocessing was performed in EEGLAB 13.4.4b (Delorme and Makeig 2004 ) running on Matlab 8.4 (2014b). TMS pulse artifact was removed by cutting out 5 ms of EEG (beginning three samples before the pulse) and interpolating this "mute window" by a third order polynomial curve (Reichenbach et al. 2011) . EEG was then resampled to 500 Hz and filtered using a high-pass 0.1 Hz Blackman windowed sinc filter (1 Hz transition). Line noise was removed using CleanLine EEGLAB plugin (Mullen 2012) . After this, saccadic RTs were calculated from horizontal EOG by determining when the signal crossed a threshold (+30 µV relative to baseline) and calculating the nearest signal inflection preceding this point (Kirchner and Thorpe 2006) . The saccadic RT of each trial was visually checked by the experimenter, and trials with an incorrect saccadic RT were excluded from the data (e.g. when an artefactual amplitude spike in the EEG crossed the threshold before saccade onset). Saccadic RTs were determined in a similar fashion for the first (EOG) test session without TMS-EEG.
An independent component analysis (ICA; runica algorithm) was run and components that contained eye-blinks, eye movements (Jung et al. 2000) , or strong amplitude spikes related to TMS (e.g. scalp muscle activation; Korhonen et al. 2011) were removed. TMS-related artifacts were not removed if they, based on visual inspection, appeared to contain any signs of long latency potentials. After ICA artifact removal, the EEG was segmented to −400 to 400 ms epochs, and epochs that contained outliers (joint probability activity limit = 4 SDs), or where EEG amplitude crossed a ±200 µV threshold relative to baseline, were removed. Altogether 10% (SD = 7.5%) of trials were rejected as artefactual.
In order to compare the TMS-evoked activity in saccade and fixation conditions, the signal related to the eye movement per se (e.g. muscle artifacts) must be removed from the saccade condition. Although large eye movement-related muscle artifacts were removed using ICA, the saccade without TMS condition was subtracted from the saccade with TMS condition, to make sure the saccade condition did not include any saccaderelated signals (Supplementary Fig. 2 ). This subtraction was performed on single trials (Bishop and Hardiman 2010; Railo et al. 2015) . Before the single-trial subtraction, randomly selected trials were first removed from the condition that contained a higher number of trials, after which the trials in the saccade and fixation conditions were sorted according to saccadic RTs (thus, trials with fast saccadic RTs in the no-TMS condition were subtracted from the TMS trils with fast saccadic RTs).
ERPs of the fixation and saccade conditions were statistically compared using cluster mass permutation t-tests (Bullmore et al. 1999; Maris and Oostenveld 2007) with the Mass Univariate toolbox (Groppe et al. 2011) . The repeated measures t-tests were performed at each time sample between 0 and 400 ms at all electrodes using 2500 permutations.
EEG Source Reconstruction
Spatiotemporal distribution of cortical source activations were reconstructed using SPM8 (Litvak et al. 2011) , using a distributed approach that calculates a linear mapping between the recorded EEG and a large number of current dipoles distributed over the cortical surface (Dale and Sereno 1993) . Cortical anatomy was modeled using a template mesh based on the Montreal Neurological Institute brain, and boundary elements model was used as a forward model. To reconstruct the source activity of 8196 distributed current dipoles, the inverse solution was computed using an empirical Bayesian approach (Lopez et al. 2014) using the minimum norm constraint (MNE). During inverse reconstruction, EEG data were 48 Hz low-pass filtered. The source reconstruction was calculated based on the grand average TMSevoked response of the complete epoch, except for the phaselocking analyses, where the source activations of single trials were modeled. Considering that our EEG was recorded with only 32 electrodes, the precision of our source reconstructions is limited. However, previous studies have demonstrated successful source reconstructions with similar (Hassan et al. 2014 ) and even with less dense electrode montages (Ilmoniemi et al. 1997 ).
Measures of TMS-evoked Source Activations
After the source reconstruction, statistically significant TMSevoked currents were estimated using a variant of nonparametric permutation procedure described by Pantazis et al. (2003) and later applied to TMS-EEG by Casali et al. (2010) . The method is used to determine where and when the average reconstructed response deviates statistically significantly from the pre-stimulus response. The permutation approach is a convenient way to address the false positive problem arising due to the large number of dipole locations and time points. The null hypothesis of the permutation test is that the response is identical before and after the stimulus, and if true, the random permutations of the pre-and post-stimulus samples at a dipole location should not have any effect on the statistical properties of the response in this location within the pre-and poststimulus epochs. First, a large number of randomly permuted responses are generated and the permuted responses are normalized by subtracting the mean of the pre-stimulus response and dividing with the SD of the pre-stimulus response at each of the dipoles. At each time point the maximum absolute value is found for each of the permuted normalized responses, and these are used to formulate an empirical distribution function of the maximum absolute responses for each time point. Let the probability of a false response be denoted as α. Then the number of false responses are controlled by choosing the (1-α)th-percentile of the emprical distibution as the critical value at time t, and only the absolute normalized responses exceeding this critical value are deemed significant at time t.
Following Casali et al. (2010) , 3 indices of neural responsiveness were calculated based on the spatiotemporal distribution of statistically significant TMS-evoked currents. First, "significant current density" (SCD) describes the total strength of statistically significant currents evoked by TMS, and it was calculated, for each time sample, by summing up the absolute current in the statistically significantly modulated dipoles. Second, "significant current scattering" (SCS) represents the spatial extent of evoked TMS response. In order to calculate the SCS, the geodesic distances (i.e. along the cortical surface) of statistically significant dipoles from the stimulation site were first computed using the Fast Marching Matlab toolbox (Preyre 2009 ). The SCS refers to the average spread of statistically significant TMS activations at each time sample. Third, "broadband phase-locking" (bPL), which ranges from 0 (random phases) to 1 (perfect phase-locking), describes how similar the phase of the EEG is across trials (Sinkkonen et al. 1995; TallonBaudry et al. 1996) . This index was calculated from single-trial source activations using the Hilbert transform. Statistical significance (P < .05) of the phase-locking factor was assessed using the Rayleigh distribution with the scale parameter equal to the maximal phase-locking factor at baseline. The SCD, SCS, and bPL are formally described Casali et al. (2010) . Differences between the fixation and saccade conditions concerning SCD, SCS, and bPL were assessed using permutation t-tests performed at each time sample (2000 permutations).
Complexity of the TMS-evoked response was calculated using the "perturbational complexity index" (PCI (Casali et al. 2013) ). The PCI describes the relative algorithmic complexity of the statistically significant evoked neural responses. The PCI was calculated by first computing the Lempel-Ziv complexity of the spatiotemporal matrix of binary source activations. Before Lempel-Ziv compression, the matrix was sorted from most active source dipoles to less active dipoles ( Supplementary  Fig. 7 ). The PCI is the Lempel-Ziv complexity normalized by the source entropy of the statistically significant source activations. PCI is close to zero when little information is required to characterize the EEG response (e.g. a short or stereotyped response). PCI approaches 1 as the complexity of the EEG response increases. To avoid artificially high PCI values, PCI was not analyzed if less than 1% of dipoles showed significant activations (this meant the exclusion of 1 participant from the PCI analysis). For more detailed description of PCI, see (Casali et al. 2013) .
The TMS-EEG datasets can be downloaded at the Open Science Framework (https://osf.io/5phnj/).
Results
Right hemisphere V1 was stimulated either during an eye fixation or during a saccadic eye movement in 10 participants. Because the saccade condition contains both TMS-evoked and saccade-related (e.g. eye muscle activation) activity, the saccade-related activity was removed by subtracting from the saccade-TMS condition the activity that was evoked by saccades alone (without TMS; Supplementary Fig. 2 ) to enable direct comparison of the two conditions. Below, the saccade condition refers to the TMS condition from which the saccaderelated activity has been removed. As shown in Figure 1A , in both conditions TMS evoked a series of deflections within the first 100 ms, which were followed by a broader positive amplitude wave. The early (<100 ms) deflections were strongest over occipito-parietal sites, while the later positive potential was more centrally located. Statistical comparison revealed decreased TMS-evoked amplitudes in the saccade condition when compared with the fixation condition at central electrode locations after 60 ms (Fig. 1B) .
The results of EEG source reconstruction are displayed in Figure 1C . Consistent with previous reports , strongest activation is observed under the stimulation site around 34 ms after the pulse, after which the pulse strongly activates central parietal areas. Visual inspection suggests that the early (<100 ms) source activations are stronger and more distributed in the saccade than in the fixation condition, whereas the opposite is true for later source activity. As shown in Figure 2A , in the saccade condition TMS elicited stronger and spatially more widely distributed activations before 100 ms than in the fixation condition. However, the later fronto-parietal activation declined faster in the saccade than in the fixation condition. EEG was more strongly phase-locked across trials in the saccade than in the fixation condition ( Fig. 2A) . The temporal evolution of the phase-locking factor revealed two peaks in each condition (around 50 and 150 ms). As shown in Figure 2B , the early and late peaks in phase-locking factor correspond to phaselocking in occipital and parietal cortical areas, respectively.
Especially the early peak was stronger in the saccade condition than fixation condition. Individual participants' results showed very similar results as the group-level results ( Supplementary  Figs 3-5) .
In previous studies, saccadic suppression of perception and neural activity has been observed to begin before the onset of the saccade (Ross et al. 1996; Ibbotson et al. 2008; Bremmer et al. 2009 ). We repeated the above analyses by dividing the saccade condition into 2 subsets concerning whether TMS pulse was applied before or after the onset of the saccade. The results were replicated in each subset, with the exception that only the late suppressive effect reached statistical significance (Supplementary Fig. 6 ). To directly test whether the modulation of effective connectivity by saccades begins before the onset of the eye movement, we restricted the analysis to only those trials where the saccade began at earliest 50 ms after the TMS pulse (saccade onset relative to TMS: median = 92.8 ms, SD = 46.6 ms; 3-54 trials per participant, average 23 trials). Thus, any modulation that precedes the 50 ms time point in this analysis is anticipatory, that is, it begins before the actual eye movement. As shown in Figure 3 , we observed that the strength, spread, and phase-locking of the TMS-evoked response were modulated already before this time point (dashed line in Fig. 3 ) when compared with the fixation condition. Note that unlike in previous analyses, no early facilitatory effects were observed for current density and scattering.
The complexity of TMS-evoked potentials was quantified using the PCI (Casali et al. 2013) . As shown in Figure 4 , on average TMS pulses produced more complex potentials in the saccade than in the fixation condition (P = .027, permutation t-test, N = 9). Although statistically significant at group-level, this effect showed some variation between participants (Fig. 4) . One participant was excluded from the PCI analyses, as she had less than 1% of significant sources in the saccade condition, making PCI calculation unreliable (Casali et al. 2013) . Overall, our PCI values are somewhat smaller than previously reported (Casali et al. 2013; Sarasso et al. 2015) , which could be due to smaller number of channels in our study. Individual participants' PCI values and the corresponding binary spatiotemporal matrices of significant sources are shown in Supplementary Figure 7 . All of the results presented above were replicated with multiple sparse priors (MSPs) and low-resolution electromagnetic tomography (LORETA) source reconstruction approaches. The only major difference between different source reconstruction results was that MSP yielded much smaller PCI values (mean PCI fix = 0.089, SEM = 0.011; mean PCI sac = 0.11, SEM = 0.011; PCI fix vs. PCI sac : P < 0.001). This difference is most likely due to the fact that MSP returns more focal source activations, whereas MNE and LORETA both yield more widespread source activity.
Discussion
We measured EEG responses evoked by V1 TMS during fixation and saccadic eye movements to examine if saccades modulate effective neural connectivity. During saccades, TMS-evoked activity declined faster and did not induce sustained activity in the fronto-parietal cortices, when compared with the fixation condition. This suppressive effect was observed even before the actual onset of the saccade, demonstrating that saccades modulate neural effective connectivity in an anticipatory manner. Altogether the present results suggest that information in the visual cortex does not gain access to sustained processing in fronto-parietal networks during saccades, which may explain why humans experience a temporally continuous stream of stable fixations, uninterrupted by saccadic eye movements (Fig. 5) . The lack of similar modulatory mechanisms could play a role in a number of neurological disorders that are associated with saccade and fixation difficulties (Haarmeier et al. 1997; Bellebaum et al. 2005; Ostendorf et al. 2010; Diederich et al. 2014; Thakkar et al. 2015) . Although TMS failed to evoke sustained fronto-parietal activity in the saccade condition, it nevertheless gave rise to complex spatio-temporal distribution of neural activity, and transiently activated visual cortical and fronto-parietal areas. In fact, the relative complexity of the TMS-evoked EEG response as measured by PCI was higher during saccades than fixation. Previously, high and low PCI values have been associated with conscious and unconscious global states, respectively (Casali et al. 2013) . We interpret the relatively high complexity EEG response during saccades to reflect active neural processing in distributed neural networks, possibly reflecting the integration of "remapped" neural receptive fields at the systemslevel (Duhamel et al. 1992; Sommer and Wurtz 2008) , or co-registering the retinocentric and egocentric frames (Land 2012) . The complex activity pattern is consistent with the finding that saccadic suppression does not reflect an absolute suppression of conscious vision, and under some conditions visual stimuli can be consciously perceived during saccades (Ross et al. 1996; Castet et al. 2002) . As suggested by (Watson and Krekelberg (2009) , visual information extracted during saccades could be used to improve visual stability, although peri-saccadic visual information is typically not allowed to access conscious vision in order to maintain an experience of visual continuity.
In the present study, TMS-evoked responses revealed stronger phase-locking in the saccade than in the fixation condition during an early time-window. Previously, oscillatory neural activity in macaque V1 has been shown to phase-reset following visual fixations (Rajkai et al. 2008) . The authors proposed that the phase-resetting enables more efficient processing of retinal input following the fixation. The same mechanism could contribute to the stronger phase-locking during saccades than fixation observed in the present study. The stronger phase-locking during saccades could also reflect non-visual signals that coordinate neural processing during saccades (Sommer and Wurtz 2008) , top-down modulation by attention (Herring et al. 2015) , or top-down predictions from earlier fixations (Friston et al. 2012; Herwig and Schneider 2014) . The interpretation of the very early, pre-TMS enhancement in phase-locking in the saccade condition ( Fig. 2A) is unclear. Because the EEG response that was solely related to saccades was subtracted from the saccade/TMS condition, this pre-TMS effect is likely artefactual.
The present results showed that although saccades in general suppressed the strength and spread of TMS-evoked activity, saccades briefly increased cortical excitability over posterior cortical areas immediately after the pulse. Notably, this early facilitatory effect was not observed when the analysis was restricted to trials where the TMS pulse preceded the saccade by at least 50 ms. This suggests that the early facilitatory effect may be related to prioritizing post-saccadic information processing. Similarly, single cell recordings in monkeys have observed that neural responses in MST are enhanced right after saccades (Ibbotson et al. 2008) . Earlier studies comparing conscious and unconscious states have also observed an early enhancement in TMS-evoked responses (Massimini et al. 2005; Ferrarelli et al. 2010) . The details of how neural connectivity is modulated at different time points relative to saccade onset remain to be tested in further studies.
It could be argued that TMS was more likely to generate phosphenes (illusory sensations of light) during the saccade condition, which could explain the early increase in TMS-evoked activation in the saccade condition. It is likely that at least in some participants the stimulation intensity was above the phosphene threshold in the present study, although the participants did not spontaneously report phosphenes. In the present study, the participants were not informed about phosphenes, as paying attention to phosphenes is known to increase the likelihood of perceiving them (Bestmann et al. 2007 ). Previously, the perceived intensity of phosphenes has been reported to slightly increase when TMS is applied to occipital cortex around saccade onset (Boulay and Paus 2005) which is consistent with the brief increase in visual cortical excitability during saccades observed in the present study. The threshold for generating phosphenes is not modulated by saccades (Thilo et al. 2004; Boulay and Paus 2005) . Whereas the increase in TMS-evoked activation in the saccade condition was observed before 100 ms in the present study, EEG correlates of phosphene perception emerge clearly later, at earliest after 160 ms (Taylor et al. 2010) , suggesting that the early facilitatory effect is not due to phosphene perception. Finally, as phosphene perception correlates with increased neural activation (Taylor et al. 2010) , phosphene perception cannot explain the late suppression of TMS-evoked activity in the saccade condition. (Land, 2012; Ross et al. 2001; Sommer and Wurtz 2008) . Our framework is consistent with the fact that saccades compress the perceived duration of time.
Would similar results be observed if other cortical sites than V1 were stimulated? We chose to stimulate the early visual cortex, as our interest was specifically to examine the connectivity between visual areas and the fronto-parietal cortices. Previous research on participants in different global states of consciousness (e.g. dreaming, anesthesia) suggests that the TMS-evoked response does not significantly differ between stimulation sites (Casali et al. 2013 ). However, it is possible that in contrast to these relatively static global brain states, perceptual or cognitive processes that recruit selective neural networks (such as saccades in the present study) reveal spatially or temporally different results as different cortical areas are stimulated. For example, the present study is inconclusive on whether the brief early increase in cortical excitability is observed when stimulating frontal or parietal sites. That is, is the effect limited to visual cortex, or does it represent more general increase in cortical excitability?
To conclude, we aimed to shed light on how visual information from multiple fixations is integrated to form a stable and continuous stream of conscious vision. Previously, the study of neural correlates of conscious vision has focused on brief, singular percepts. Our results provide spatial and temporal data on how neural effective connectivity is modulated during saccades in humans. The results suggest that during saccades visual stability and continuity is enabled by restricting the access of visual information to sustained neural processing in frontoparietal cortices.
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